In this paper, an energy-and traffic-balance-aware mapping algorithm from IP cores to nodes in a network is proposed for application-specific Network-on-Chip(NoC). The multi-objective optimization model is set up by considering the NoC architecture, and addressed by the proposed mapping algorithm that decomposes mapping optimization into a number of scalar subproblems simultaneously. In order to show performance of the proposed algorithm, the application specific benchmark is applied in the simulation. The experimental results demonstrate that the algorithm has advantages in energy consumption and traffic balance over other algorithms.
Introduction
Network-on-Chip (NoC) is based on the idea of interconnection network which is proposed to overcome the bottleneck of traditional System-on-Chip (SoC), such as throughput, latency and scalability [1] - [4] . The mesh topology is popularly used as the basic topology, and each Intellectual Property(IP) core is linked to a router. The XY routing algorithm is selected as the basic routing algorithm in the mesh based NoC which decides the communication path from the source core to the destination core.
As one of critical steps in NoC design, mapping assigns IP core onto NoC platform which affects the network performance significantly [1] , [5] . Many scholars address the mapping problem by using heuristic algorithms, such as Branch and Bound (BB) [1] , Genetic Algorithm (GA) [2] and other algorithms. However, those algorithms often obtain single performance mapping that may lead to other unacceptable performances [3] . Additionally, the hotspot caused by traffic unbalance affects the reliability and performance of network seriously, especially for mesh based architecture.
In this paper, an energy and traffic balance mapping model is set up by considering the NoC architecture. Utilizing the decomposition Based multi-objective evolutionary algorithm [6] , a high performance mapping algorithm is proposed to solve the energy consumption and traffic balance mapping model. 
Relate Works
In current literature, most mapping algorithms target to single objective mapping optimization [1] , [2] , [7] . In [1] , the optimization model aimed at the energy consumption with bandwidth constraint, which was set up and solved by Branch-and-Bound (BB) mapping algorithm. Simulation results showed that the result had advantages over random mapping algorithm and communication energy was decreased by 60%. A two-step Generic Algorithm (GA) based mapping algorithm was proposed to map from parameterized task graph to NoC architecture in [2] . Micheli et al. proposed a NMAP method that finished mapping with regard to minimizing average communication delay and bandwidth constraint [7] . The NMAP algorithm improved bandwidth and communication cost significantly. Recently, some scholars begin to focus on multi-objective mapping problem [3] , [5] . Morgan et al. used the GA to solve the area and delay aware mapping [3] . In [5] , a multi-objective adaptive immune based mapping algorithm was proposed to aim at latency and power consumption mapping problem. Simulation showed that the proposed algorithm had obtained better results in a short time than others.
Problem Formulation
Definition 1 Given a Communication Core Graph (CCG), where vertex t i ∈ T represents an IP core in the application specific communication, a directed arc c i j =< t i , t j >∈ C represents communication from IP core t i to t j , and the weight of edge v i j ∈ V represents communication volume from the IP core t i to t j . Definition 2 Given a Topology Architecture Graph (TAG), where vertex n i ∈ N represents a node in the network topology, a directed edge p i j =< n i , n j >∈ P represents physical link from node n i to n j .
Energy Model
We use the model for energy consumption proposed in [8] . The bit energy consumption (E b ) from a node to its neighbor on NoC platform is defined as
where E S b and E L b represent the energy consumed on switch in router fabrics and on link per hop, respectively.
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According to Eq. (1), the bit energy consumption from node n i to n j can be described as
where H represents the hops from source node n i to destination node n j . The total energy consumed in a network is
where map(t i ) is n i , which represents the mapping node of IP core t i , v i j is the communication volume from the core t i to t j .
Traffic balance model
This paper proposes a model for the traffic situation of the node in a network which can be defined as follows
where R i represents the traffic across the node n i and R a is the average traffic in the network. The traffic balance factor for the whole network in NoC platform can be described as
where k represents the number of nodes in the network.
Mapping model
According to problem formulation, we develop a multiobjective mapping model that can be described as follows
s.t.
Eq. (8) and (9) mean that each IP core should be mapped onto a node and no node can host more than one IP core.
Energy and Traffic Balance Mapping Algorithm
To execute this mapping algorithm, we should encode the mapping result by certain coding label. In this paper, a simple coding label p i = (t 1 , t 2 , . . . , t i , . . . , t Nc ) (Nc is the number of cores in application specific CCG) is employed, which means that the IP core t i is mapped to node n i in a network.
In initialization, we set MS = ∅ which represents the optimal mapping solution set. The parameter Ns is the mapping problem that is decomposed into number of subproblems. The vector λ k = (λ 1 k , λ 2 k ) in set λ = {λ 1 , . . . , λ Ns } represents the energy consumption and traffic balance weight of subproblem k which obeys uniform distribution from 0 to 1. Initialize the objective reference point z = (z 1 , z 2 ) = (∞, ∞)(z 1 and z 2 represent the energy consumption and traffic balance value, respectively). A random mapping solution set {p 1 , . . . , p i , . . . , p Ns } is generated in which p i represents a mapping result encoded by the coding label. The energy consumption and traffic balance aware mapping problem is decomposed into the scalar subproblems which are solved by evolving a population of mapping solutions simultaneously. In this algorithm, we use the Tchebycheff approach and objective function of the kth(k ∈ {1, . . . , Ns}) subproblem is
where
E(p i ) is the energy consumption and B(p i ) is the traffic balance value of mapping p i (1 ≤ i ≤ Ns).
In evolution phase, p i l and p i m are chosen from the mapping p i 's neighbor solution set {p i 1 , . . . , p i j , . . . , p i Nw }(i = Fig. 1 The pseudo of mapping algorithm. 1, . . . , Ns)( j = 1, . . . , Nw). The variable Nw is the number of weight vector in the neighborhood of each weight vector. A single crossover point is operated for selected mapping p i l and p i m in order to generate their offspring mapping p . In the crossover operation, all data beyond that point in each IP core number is swapped between the two mapping accordingly. Moreover, the same IP core should avoid appearing in the mapping. In order to improve the search ability, an inner swap of two IP cores is operated on each mapping when its random probability is lower than the system probability. If the performance of mapping p is better than the reference point z = (z 1 , z 2 ), the reference point z will be replaced by the performance of p .
For each neighbor mapping
is true, the mapping p i k will be replaced by p , and the performance of it will be updated. The mapping p i and its performance will be substituted by the mapping p simultaneously.
If no performance value in MS dominates p , all the performance value dominated by that of mapping p is removed from MS, and performance of p is added to the MS. These operations are executed for each mapping from p i to p Ns in per iteration. Finally, the mapping algorithm stops and outputs the mapping set MS until maximum iteration.
The pseudo code of mapping algorithm is shown in Fig. 1 in detail.
Experimental and Simulation Results
In order to show the performance of algorithm in application specific benchmark, the Video Objective Plane Decoder (VOPD) with 16 cores is introduced in simulation [8] , [9] . Simultaneously, the mapping algorithms based on the Nondominated Sorting Genetic Algorithm II (NSGA-II) [10] and random mapping algorithm are compared respectively.
The experiment and simulation are run with MATLAB. The subproblem Ns is set as 5000, the neighbor size is 1000 and the total iteration number is 2000. The mapping algorithm used inner swap with the probability of 0.01.
We map the VOPD to 4×4 2D mesh NoC platform with different mapping algorithms. Figure 2 is the energy con- sumption and traffic balance performance of mapping result set. As we can observe, each discrete point in the figure represents performance of the mapping result from IP core to node in the network. It is obvious that the point in the figure of the proposed algorithm is closer to the origin in the coordinate, which means that it has the better performance with the same weight than others. From Fig. 2 , the proposed algorithm could achieve a lower traffic balance value at the same energy consumption. Simultaneously, the proposed mapping has better performance in energy consumption with the same traffic situation. Table 1 shows the performance of different mapping results with different weights of energy consumption and traffic balance. Take the mapping solution with W E =1,W T =0 as an example, the energy consumption of the proposed mapping is only 9443.97 mJ(74%) compared with the random mapping 12722.32 mJ. In performance of traffic balance, the relative gain of the proposed mapping is 31% than random mapping. simultaneously, the max traffic of proposed mapping solution is only 1113 MB/s, and random's is 1552 MB/s. Moreover, the proposed mapping has advantage in the node number with high traffic over other algorithms. Figure 3 shows the performance of mapping result that is optimized for both energy consumption and traffic balance (the weights of normalized energy consumption and traffic balance are 0.5 and 0.5, respectively). In Fig. 3 (a) , the result of proposed mapping could save energy consumption over 4.4% than that of random mapping. The traffic balance value of proposed mapping is 189.8 while the NSGA-II mapping is 201.9 and random mapping is 244.8. According to the normalizing traffic value, as is shown in Fig. 3 (b) , it is easy to see that the proposed mapping could get better performance (22.4%) than random algorithm. Figure 3 (c) , (d) and (e) are the spatial traffic distributions of different mappings. It is obvious that the traffic of network in center is much less than others. It means that the network is more reliable and the probability of congestion in the network is smaller.
Conclusion
In this paper, we propose an energy consumption and traffic balance aware mapping algorithm for application specific NoC. The multi-objective optimization model is set up and then solved by the mapping algorithm. The mapping algorithm could find the optimal mapping set composed by several mapping results. Compared to the random mapping and NSGA-II based mapping, the proposed algorithm has advantages in energy consumption and traffic balance.
